Abstract: This paper presents the derivation of an analytical model for a multi-queue nodes network router, which is referred to as the multi-queue nodes (mQN) model. In this model, expressions are derived to calculate two performance metrics, namely, the queue node and system utilization factors. In order to demonstrate the flexibility and effectiveness of the mQN model in analyzing the performance of an mQN network router, two scenarios are performed. These scenarios investigated the variation of queue nodes and system utilization factors against queue nodes dropping probability for various system sizes and packets arrival routing probabilities. The performed scenarios demonstrated that the mQN analytical model is more flexible and effective when compared with experimental tests and computer simulations in assessing the performance of an mQN network router.
Introduction
Due to the enormous development and widespread use of computer networks and the Internet, congestion becomes a critical issue, which needs to be efficiently solved to achieve optimum network performance [1−4] . Congestion usually occurs at the network router buffer when the number of incoming packets exceeds the available network resources, such as buffer space and processing speed of the network router. Multi-queue systems are widely used as a practical solution to the network congestion problem. Therefore, it is very important to have reliable and accurate models to analyze the network performance and contrivance optimum designs for the congestion avoidance queuing system at the network router [5−8] . Practical experiments and simulations are the most widely used methodologies for analyzing the performance of multi-queue nodes systems during congestion [2, 8] . On the other hand, several efforts [1, 5, 9−12] have also been directed towards mathematical modeling of multi-queue nodes systems in congested networks. This is because mathematical models are cheaper and easier to use than experimental or simulation applications, and also they can improve understanding of the real problem to set up appropriate and flexible solutions that suit the network and design requirements [8−13] . However, most of these models were developed for one or two nodes queuing systems.
For example, analytical models were developed to evaluate the performance of discrete-time active-queue management (AQM)-based queuing systems of one-and two-queue nodes. In these models, analytical expressions were derived to calculate a number of performance metrics, such as average queue length, throughput, average queuing delay, and packet-loss rate. Recently, we have carried out a research project to extend the model to evaluate the performance of a multi-queue nodes (mQN) router. The research con- tributed to develop two analytical models and introduced two more performance metrics [14] : 1) The macroscopic analytical model, which calculates queue nodes and system performance independent of the AQM algorithm, and it is referred to as mQN model. In the mQN model, expressions were derived to calculate two performance metrics: queue node and system utilization factors, Uj and Us, respectively.
2) The microscopic analytical model, which calculates the queue nodes performance based on the discrete-time dynamic random early detection (DRED) algorithm. Therefore, it is referred to as discrete-time DRED (DTD)-mQN model. In this model, expressions were derived to calculate the four performance metrics mentioned earlier.
In contrast, the proposed mathematical models can be used to improve understanding of the real problem of an mQN router to set up appropriate and flexible parameters that suit the network and design requirements and meet all sources (users, services, and applications) needs.
In this paper, we only present the description and derivation of the first model, namely, the mQN model. In order to demonstrate the flexibility and effectiveness of the derived expressions, they are used to investigate the effect of the number of queue nodes (m) within the router, and packets arrival routing probabilities (p0j), on Uj and Us for various values of dropping probabilities (p d (j)) (j=1 to m).
This section provides an introduction to the general domain of this paper. The rest of this paper is organized as follows. Section 2 presents a literature review of the most recent and related researches that are concerned with developing analytical models to evaluate the performance of queuing systems. Section 3 describes the mQN model and the derivation of expressions for calculating the performance metrics Uj and Us. In Section 4, the derived expressions are used to estimate the variation of Uj and Us against p d (j) for various values of m and pj0. Finally, in Section 5, based on the obtained results, conclusions are drawn and suggestions change the routing probabilities as the number of connections and system load changes. In this case, network routers can effectively control their resources to maintain high link utilization. This mechanism is attractive for the deployment of large IP networks supporting a wide range of connections and large aggregations of traffic.
